Mechanical models are developed to determine the mode I and II adhesion toughness of monolayer thin films using circular blister tests under the pressure load. The interface fracture of monolayer thin film blisters is mode I dominant for linear bending with small deflection while it is mode II dominant for membrane stretching with large deflection. By taking the advantage of the large mode mixity difference between these two limiting cases, the mode I and II adhesion toughness are determined in conjunction with a linear failure criterion. Thin films under membrane stretching have larger adhesion toughness than thicker films under bending. Experimental results demonstrate the validity of the method.
Introduction
Thin films can detach the substrates by buckling [1] [2] [3] [4] [5] , pockets of energy concentration [6] [7] [8] , etc.; therefore, the adhesion toughness of thin films is a major concern in engineering applications. Several experimental techniques have been developed to determine the film's adhesion toughness, such as peeling [9] , scratching [10] and blister tests [11] [12] [13] . The blister tests are widely used in microelectronics and coating fields. The first blister test was reported by Dannenberg in 1961 [11] , which was further developed by Jensen [12, 13] . Also, multiple theoretical models have been developed to correlate the adhesion toughness of thin films with the blister morphology [14, 15] that is induced by either a pressure load or a point load. Films, such as graphene, and substrates with various material properties and thickness are employed in the blister tests, hence the limits of membrane stretching with large deflections and linear bending with small deflections, and even transition characteristics are necessary in deriving the film's adhesion toughness. Furthermore, the adhesion toughness is influenced by the through-thickness shearing and film sliding [16] . The present work aims to develop mechanical models to determine the mode I and II adhesion toughness of thin films by using circular blister tests under a pressure load, then the mechanical models are validated with experimental results [17] . Also, the mechanical models for the circular blister test under a point load are developed in Ref. [18] .
2
Analytical mechanical model for the circular blister test with a pressure load Figure 1 shows a circular blister under a pressure load p . The blister radius is B R with B denoting the blister tip, and the central deflection is δ . The film thickness is h , which is assumed much smaller than the substrate thickness. Hence, the global deformation of the substrate is negligible. The film's Young's modulus is E and the Poisson's ratio is ν . Fig. 1 . A circular blister test with a thin film under a pressure load on a thick substrate.
2.1
Linear bending mechanical model for small deflection 
The mode I and II energy release rates (ERRs) based on 2D partition theories [16, [19] [20] [21] are, The mode mixity ρ is readily obtained by Eqs. (2) and (3),
Based on Eqs. (5) and (6), it is found the mode mixity approaches to pure mode I for large λ (or small h R B ), and approaches to 0.6059 for very small λ . In addition, the total ERR can be given by combining Eqs. (2) and (3) and expressed by
is the ERR component from Jensen's work [3] [4] [5] , which does not account for through-thickness shear; but S G demonstrates the ERR component due to the crack tip through-thickness shear force Bb P . It is seen that the throughthickness shear tends to decrease the mode mixity shown by Eq. (6) and consequently to reduce the adhesion toughness, as per Eq. (7).
Membrane stretching mechanical model for large deflection
For membrane stretching limit with large deflections, denoted by the subscript m, the crack tip loads [3] [4] [5] in Eq. (1) become 
Eq. (14) shows that ρ varies from 2.0680 for 0 = ν to 2.9634 for
, and remains constant during blister radial growth. The adhesion toughness c G therefore remains constant with mode II dominant, and consequently it is expected to be larger than the adhesion toughness of films under linear bending. Now, the linear failure criterion is used to derive the mode I and II adhesion toughness, which is considered as an accurate failure criterion for interfaces with low adhesion toughness [6, 7, 16, 22, 23] . For any given mode mixity ρ , the corresponding adhesion toughness c G is 
Experimental validation
The mechanical models developed above are validated using the experimental results as presented in Ref. [17] . In the first experiment group, photoresist films with three different thickness h are blistered from the copper substrate with a thickness of 80 μm, under a pressure load. The film's Young's modulus is 3.6 GPa and the Poisson's ratio is 0.35. The Young's modulus of copper is about 128 GPa, which is much larger than that of the photoresist films. Therefore, the present thin film models are still applicable. Based on the comparison between the predicted and experimental adhe-sion toughness, it is found that μm 10 = h corresponds to membrane stretching limit, and both μm 31 = h and μm 60 = h correlates to linear bending limit. The predictions of the adhesion toughness based on the analytical model are summarised in Table 1 . (13) and (14), and Eqs. (6) and (7) , respectively. Then, the film's mode I and mode II adhesion toughness can be determined with the mode mixities and the corresponding adhesion toughness at for thickness 10 μm and 60 μm by Eqs. (16) and (17) . Next, substituting Ic G , IIc G and ρ for thickness 31 μm into Eq. (15) gives the analytical
, which is in excellent agreement with the experimental result shown in Table 1 .
In the second experiment group, a monolayer graphene is sandwiched between the photoresist films and the copper substrate. The thickness of the monolayer graphene is about 0.347 nm [16] . Even considering the Young's modulus of the graphene is about 1000 GPa, its effective thickness is still much smaller than the thickness of the photoresist films and it is therefore ignored in the present work. The addition of the graphene layer, however, changes the adhesion toughness at the interface. Following the same analytical procedure as that for the first group, the analytical predictions are summarised in Table 1 . It is seen again the analytical adhesion toughness
is in excellent agreement with the experimental result shown in Table 1 .
Conclusions
This work shows the mechanical models for circular blister tests under a pressure load. The large mode mixity difference between the limits of membrane stretching and linear bending enables the mode I and II adhesion toughness of thin films to be accurately determined, which can be well validated with experimental results. For linear bending with small deflection, the interface fracture of thin film blisters is mode I dominant. The through-thickness shear force makes an extra contribution to the mode I ERR and decreases the mode mixity. The thicker the film is, the smaller the adhesion toughness is. For membrane stretching with large deflection, the inter-face fracture is mode II dominant. Membrane films consequently have larger adhesion toughness. Furthermore, the through-thickness shear force has no effect on the mode mixity which is only dependent on the Poisson's ratio. In addition, the mechanical models for circular blister tests under a point load are developed in Ref. [18] .
